Abstract. We reconstructed fire occurrence near a fur-trade era canoe travel corridor (used ca. 1780-1802) in the Quetico-Superior region west of Lake Superior to explore the possibility of human influence on pre-fire suppression rates of fire occurrence. Our research objectives were to (1) examine the spatial and temporal patterns of fire in the study area, (2) test fires' strength of association with regional drought, and (3) assess whether reconstructed fire frequencies could be explained by observed rates of lightning fire ignition over the modern period of record. We developed a 420-year fire history for the eastern portion of Lac La Croix in the Boundary Waters Canoe Area Wilderness (BWCAW). Seventy-one fire-scarred samples were collected from remnant Pinus resinosa Ait. (red pine) stumps and logs from thirteen distinct island and three mainland forest stands. Collectively these samples contained records of 255 individual fire scars representing 79 fire events from 1636 to 1933 (study area mean fire intervals [MFI] = 3.8 yr). Reconstructed fires were spatially and temporally asynchronous and not strongly associated with regional drought (P > 0.05). When compared to the conservative, tree-ring reconstructed estimate of historical fire occurrence and modern lightning-caused fires , a noticeable change in the distribution and frequency of fires within the study area was evident with only two lightning-ignited island fires since 1934 in the study area. Our results suggest a high likelihood that indigenous land use contributed to surface fire ignitions within our study area and highlights the importance of examining the potential effects of past indigenous land use when determining modern approaches to fire and wilderness management in fire-adapted ecosystems.
IntroductIon
For millennia, life in the forests of the QueticoSuperior region of northeast Minnesota and northwest Ontario has begun and ended in fire (e.g., Swain 1973) . No other ecological disturbance has played a greater role in determining the composition, structure, and distribution of forests across the landscape than fire (Ahlgren and Ahlgren 1960, Ohmann and Ream 1971) . Of the fire-adapted tree species in the region, red pine in particular has a strong affinity with fire, requiring both high severity fires to expose mineral soils and facilitate stand establishment (every 150-200 yr), as well as periodic surface fires (every 20-40 yr) to maintain long-term red pine dominance by reducing competition from fire intolerant species (Heinselman 1981) . Prior to logging in the early twentieth century, the forests of the Upper Great Lake States of Minnesota, Wisconsin, and Michigan contained nearly three million hectares of red pine forest (Gilmore and Palik 2006) of which the largest remnant tracts are currently found in the Boundary Waters Canoe Area Wilderness (BWCAW) of Minnesota (Frelich 1995) . Despite the significance of fire in the development and maintenance of the pre-logging forests of the Upper Great Lakes, the historical variables leading to red pine dominance across large portions of the region, particularly the relative roles of human and lightning fire ignitions, are not well understood.
In the early 1970s, tree-ring based research by Miron Heinselman (1973) provided an exceptional baseline for understanding the fire ecology of the Quetico-Superior region. Heinselman's work primarily documented the history of landscape-scale, stand-replacing fire events over much of the 440 000 ha BWCAW and was fundamentally important for advancing the field of fire ecology and management and documenting the early impacts of fire suppression on northern forest communities. Heinselman's emphasis on large, stand-replacing fires, however, left open several questions critical to managing fire in wilderness and restoring fire as an important ecosystem process following decades of fire suppression. Specifically, his landscape-scale assessment did not capture the full complexity of the fire regimes historically present in the BWCAW, particularly the surface fire regimes that maintained expansive tracts of pine forest. This coarse level of detail also left the question of human agency in the fire regimes of the region unanswered.
Key to any knowledge of fire history is an understanding of the mechanisms related to the ignitions of past fires (Heinselman and Wright 1973) . Historically, fires in the Quetico-Superior could have been either lightning or human caused. Identifying the relative impacts of lightning and human ignition sources in the region is an important issue with respect to wilderness fire management, but remains challenging. Current fire management objectives within the BWCAW and adjacent Quetico Provincial Park are designed to maintain, within the bounds of public safety, fire as a critical natural process (USFS 2004) and restore ecological integrity to the system (OMNR 2009). Despite these management objectives, it remains unclear what constitutes a natural fire regime in many portions of the Quetico-Superior landscape. For example, it is not known whether lightning-ignitions were frequent enough to account for observed stand-level fire frequencies or whether humans served as an ignition source to augment the fire regime.
The navigable water routes of the modern QueticoSuperior wilderness areas have been the foci of human activity for millennia easing access to the land's resources for generations of native peoples, explorers, fur traders, trappers, prospectors, and loggers (Nute 2004 , Nelson 2009 ). Since at least the 1740s, various bands of indigenous Ojibwe (also called Chippewa) occupied the area as highly mobile hunter-gatherers that followed a strict seasonal round, with movements and encampments dictated by the local abundance of ephemeral food sources, including maple sugar, wild rice, berries, fish, and game (Richner 2002) . Trapping grew in importance with increased Ojibwe participation in the fur trade over the mid-late 18th century.
Fire was an irreplaceable tool in the land use strategies of the Ojibwe people. Traditional ecological knowledge suggests fire would have been used locally across the landscape where vegetation and edaphic conditions were suitable to clear encampments of brush and pests and to increase plant productivity for people and game (e.g., Anderton 1999) . Fires may also have been used to maintain overland trails, portages, and traplines (e.g., Lewis and Ferguson 1988) . Given the Quetico-Superior's rich cultural history and the potentially great variability in localized fire return intervals over large areas, it becomes necessary to seriously consider Ojibwe land use as a potentially important source of fire across the Quetico-Superior landscape prior to the advent of fire suppression.
We present the first exactly dated, dendrochronological fire history reconstruction for a portion of the BWCAW. Dendrochronologically dated fire scars, unlike ringcounted fire dates, allowed us to examine precise spatial and temporal patterns of fire and make comparisons with past fire history patterns and modern fire occurrence records. Exactly dated chronologies of fire events also permit us to explore fire-climate interactions at multiple spatial scales over time. Our study had three primary objectives: (1) to examine spatial and temporal patterns of fire occurrence within the study area over our full fire reconstruction, (2) test the relationship between fire and regional drought, and (3) assess whether reconstructed fire frequencies could be explained by observed rates of lightning fire ignition over the modern period of record. Collectively, these objectives were designed to advance understanding of the potential influence of historical indigenous land use on the fire regimes of this wilderness landscape.
methods

Study site
Our study area includes the island and mainland forests of the eastern arm of Lac La Croix in the northwest portion of the BWCAW on the border of the United States and Canada (Fig. 1) . Lac La Croix is the largest lake by surface area in the BWCAW at 13 788 ha and is situated at the convergence of the historic Grand Portage and Kaministiquia River fur trade era canoe routes. These routes connected Lac La Croix to Lake Superior, to the east, and the Rainy River canoe route, to the west (Morse 1969) . Lac La Croix is also centrally located between historical Ojibwe villages located at Basswood Lake, Lake Vermilion, and Rainy Lake (Fig. 1) . The lake received its present name, translated as Lake of the Cross, from French fur traders that visited the area beginning in the late 17th century. An early Ojibwe name for Lac La Croix was "Sheshibagumag sagaiigun", meaning "the lake they go every which way to get through" (Upham 2001) , perhaps reflecting the significance of the lake as a hub of historic water-based transport and central location to canoe routes. The US-Canada international boundary transects the full course of the lake with the Lac La Croix First Nation (LLCFN) reserve (Neguagon Indian Reserve 25D; established 1879) on the north shore, Ontario's Quetico Provincial Park directly to the east, and Minnesota's BWCAW spanning the southern half of the lake. Voyageurs National Park lies 20 km to the west.
Due to Lac La Croix's immense size, hundreds of islands, and difficult accessibility, we delineated a roughly 2170 ha subsection of the lake south of Coleman Island and west of the lake's east arm to serve as our study area (Fig. 2) . This area of Lac La Croix includes 28 islands, many of which support primary-growth red pine stands. The presence of red pine is particularly important for our study, as previous research (e.g., Frissell 1973 ) and extensive field reconnaissance indicates red pine are the best recorders of fire in the region. Fire-scarred red pine stumps and logs can persist for decades to centuries in xeric sites, enabling the development of multi-century reconstructions of fire activity. Eastern Lac La Croix also served as an appropriate area for which we could develop 
FIg. 2. Map of the Lac La
Croix study area with sample locations, point survey grid, and stand-origin dates from Heinselman (1973) shown in white italics. Split stand-origin dates indicate multiple fires identified by Heinselman. Three-letter codes indicate fire-scar collection areas (Table 1) . a dense network of samples to ensure a spatially and temporally robust fire history.
The climate of the region is northern-continental with large seasonal shifts from long, cold winters to short, mild summers with approximately 112 frost-free days (available online). 4 Average January minimum temperature is approximately −22.5°C and July average maximum temperature is 25.9°C. Mean annual precipitation is 70.4 cm with the majority of moisture falling as rain from mid-April to late October (Daly et al. 2008 ; data available online). 5 The mean number of days with snow cover (≥25 mm) is 145 d, typically beginning in early November and lingering until early April (Kuehnast et al. 1982) . May and June precipitation has high spatial variability related to precipitation from convective storms with varying spatial extents.
The bedrock underlying the Lac La Croix region is part of the Vermilion Granitic Complex of the Canadian Shield (Southwick and Sims 1980) . Most recently scoured by ice during the Wisconsin glaciation, the lake is a maze of forested islands with many hills and frequent granite outcrops. Topographic relief ranges from 6 to 40 m and lake depths to 50 m. As glacial ice retreated from the Boundary Waters region around 12 000 yr ago, only a thin and broken layer of non-calcareous glacial till was left. This glacial till and subsequently eroded bedrock is the parent material for the thin, well-drained, and nutrient poor soils present today (Wright 1972) .
The forests of the Lac La Croix region are generally representative of the vegetation of the greater QueticoSuperior ecotone with a blend of northern-coniferous and temperate-deciduous tree species determined by the physiography and disturbance history of individual sites. Life history characteristics of the predominant tree species are suggestive of the significant role fires have played in the development of the region's forests. Populus tremuloides Michx. (trembling aspen), Betula papyrifera Marshall (paper birch), Picea mariana Mill., Britton, Sterns & Poggenb. (black spruce), Pinus banksiana Lamb. (jack pine), red pine, and Pinus strobus L. (white pine) have physical and reproductive adaptations such as root sprouting, cone serotiny, self-pruning branches, and thick insulating bark that enable these trees to persist and thrive in an environment commonly affected by fires of varying intensity and severity (Frelich and Reich 1995) . In the absence of fire, fire-intolerant species, including Abies balsamea L. (balsam fir), Picea glauca Moench Voss (white spruce), and Thuja occidentalis L. (northern white cedar), establish in the understory as mid-to latesuccessional species. Quercus rubra L. (scrub red oak) and Quercus ellipsoidalis E.J. Hill (northern pin oak) can be found on rocky uplands and Acer rubrum L. (red maple) is a common understory component (Heinselman 1996) . The presence of these temperate-deciduous species, which are less common in the eastern and northern sections of the Quetico-Superior, reflect the warmer and drier westward location of the study area and its welldrained, drought-prone soils.
The fire regime for red pine forests in the QueticoSuperior is distinctly different from that of other nearboreal forest types in the region. The physiography of these red pine forests allowed for historically frequent, non-lethal surface fires punctuated by infrequent severe fires. Heinselman reports a mean fire return interval of 36 yr for non-lethal surface fires in red pine dominated sites with longer return intervals of roughly 160 yr by lethal surface or crown fires that would burn whole or partial red pine groves (Heinselman 1981:27) . Surface and crown fires of varying intensities would have historically occurred anytime during the snow-free period from April to October, before, during, and after the growing season. Lightning fires were, and continue to be, most prevalent in June, July, and August. Historically, much like today, human-caused fires would have extended the fire season into the spring and fall when thunderstorms are uncommon but fire weather conditions are suitable for fire ignition and spread.
Large areas of the BWCAW have experienced severe disturbances in the relatively recent past, including big pine and pulpwood logging (ca. 1893-1973) , large-scale wind events such as the 1999 Fourth of July derecho (Rich et al. 2007) , and catastrophic fires such as the 12 881 ha Cavity Lake fire of July 2006, the 30 696 ha Ham Lake Fire of May 2007, and the 37 507 ha Pagami Creek Fire of September 2012. The American shores and islands of Lac La Croix have been unaffected by such phenomena and are an indispensable reference area for researchers interested in the historical ecology of the primary-growth pine forest that were once abundant across the Upper Great Lakes (Frelich 1995) .
Field reconnaissance
Our sampling targeted areas of pure and mixed red pine, a forest type known to persist amidst frequent surface fires. Due to well-drained soils, south and west exposures, and low fuel consumption by past fires, we found that these sites were more likely to have experienced and retained material evidence of periodic surface fires. We implemented two approaches to surveying and sampling within the study area. First, we located sampling sites by systematically paddling and walking island and mainland shorelines in search of even-and mixed-aged stands of red pine, with guidance from 1-m resolution color aerial photographs. This targeted approach was supplemented using a systematic search at 32 grid points placed at the geometric center of each General Land Office-delineated quarter section within the study area (Fig. 3) . Grid sampling was conducted to determine if systematic reconnaissance of all forest types across the study area might yield fire-scarred materials with potential for tree-ring-based fire history reconstructions and to improve our overall spatial coverage. A search radius of 50 m was used at each grid point but the search area was generally far greater due to the area traversed to reach each visited point. Nine of the 32 search points were located over water. Of those nine search points, five were near land and the nearest shoreline was surveyed. The remaining four points (6, 10, 11, 26) were removed from the grid search. Due to accessibility issues (swamps and extremely dense undergrowth), we did not conduct searches at five of the initial search points.
Field data collection
Each stand of red pine was thoroughly searched for evidence of past fires. We examined the bases of living, dead, downed, and remnant red pine for fire-induced scars and signs of occluded fire-induced wounds. Our collections were limited in scope to preserve the wilderness character of the landscape in accordance with restrictions established by the Superior National Forest, USDA-FS. As a result, we used a crosscut saw or arborist saw to collect full and partial cross-sections from a limited number of dead and downed red pine and remnant stumps at each site but did not collect samples from living or standing-dead trees.
Many of our sampling areas had relatively high densities of remnant stumps and dead, downed trees. In these situations, we searched the entire island, or the full extent of the stand for fire-scarred material, prior to sampling, to ensure our sampling minimized effort while collecting the longest, most complete record of fire events. Whenever possible, we dispersed sample collection across the full extent of island and mainland areas to maximize spatial coverage and to aid in the areal reconstruction of past fire events.
Often we cut and inspected several cross-sections from a single stump before the highest quality sample with the greatest number of observable fire scars and growth rings was collected, labeled, and bound with plastic wrap for transport. Sometimes heavily decayed samples were cut and discarded in the field due to an insufficient number of growth rings for use in cross-dating, typically less than 100 annual rings. In most instances, we were able to locate and collect an alternative fire-scarred sample nearby. Table 1 for site abbreviations and Fig. 2 for sample locations). Years are shown as non-recording before first scar and recording after first scar. The number of samples representing each site is shown in parentheses. The line graph at bottom of the figure indicates the total sample depth for the study area with each tree living in a given year contributing to the sample depth.
Laboratory methods and data analysis
We prepared cross-sections and cores following standard dendrochronological procedures described by Stokes and Smiley (1968) . We sanded the surface of each sample with progressively finer grits of abrasive paper, beginning with a belt sander and finishing by hand until individual tracheid cells, resin ducts, and annual-ring boundaries were easily distinguishable under 3.5× to 40× magnification. Well-prepared, highly polished surfaces were absolutely essential in the identification of false, micro, and locally absent growth rings while cross-dating and to determine the placement of fire-scars within a series of annual rings (Kipfmueller and Swetnam 2001) . All samples were cross-dated using visual marker years and by measuring ring-width series and statistically comparing ring-widths to an existing regional master chronology of red pine growth (Kipfmueller et al. 2010 ) using the cross-dating quality control program COFECHA (Holmes 1983 ). We measured the growth rings of each sample to the nearest 0.001 mm using a Velmex measuring system (Velmex, Bloomfield, New York, USA) and a sliding-stage micrometer when visual cross-dating techniques were not immediately effective at identifying clear dating sequences. Potential dates identified by the statistical approach were then visually verified.
We inspected each fire scar under 40× magnification to determine with confidence, its position within the annual rings of each sample. Dormant season fires (fire scars located between two annual rings) were treated as spring fires due to the greater likelihood of human and natural fires occurring before leaf-out, based on the best knowledge available of traditional fire use practices (e.g., Lewis 1982) , historic fire seasonality in northern Minnesota (Mitchell and Conzet 1927) , and modern fire atlas data available for the Superior National Forest. Living red pine samples collected by increment borer in late September often did not appear to have completed annual radial growth. Furthermore, our experience developing chronologies from red pine in this system suggests that radial growth near the base of a tree typically does not commence until mid-summer, creating a broad seasonal window in which dormant season fires may be recorded within annual rings. The spring fire assumption was made to ensure consistency in assigning calendar years to dormant season scars.
We developed composite fire histories for 16 sites and for the study area as a whole (Table 1) . We used fire charts to visualize spatial and temporal patterns of fire occurrence across the study area. Each of the 13 sampled islands within the study area was treated as a single site, although sample clustering often made the true site size †1932 is represented in the fire reconstruction as 1933 due to ring-width interpretation of a fire scar at the location of the fire. The 1932 date is thought to be a transcription error in the atlas data and is treated here as a 1933 fire when calculating fire frequencies for the island. much smaller than the island itself. The three mainland sites have a greater areal coverage than the island sites due to dispersed sampling along the lakeshore. Two of the 28 islands within the study area, including the Requiem (RQM) sample site, are not true islands as they are both connected to a mainland unit by a narrow isthmus. For the purpose of this study, these two landforms are almost entirely surrounded by water and were treated as forest isolates. We also compared our tree-ring reconstructed fire dates with fire years for the same area as reported by Heinselman (1973 Heinselman ( , 1996 to provide additional context for our more intensive fire history collection.
We calculated standard fire history statistics including composite mean fire intervals (MFIs) and fire interval ranges for each of the 16 sites. The MFI is an arithmetic average of fire-free intervals (the interval between successive fires) for a given area and time and was determined by calculating the mean of all individually identified fire intervals. We developed composite MFIs for sites rather than single tree MFIs, due to the tendency for single trees to remain unscarred after some fire events, and the potential loss of fire evidence due to subsequent fire-scarring, combustion, and decay, thus providing a less complete record of fire for an area (field and laboratory observation). We also compared composite MFIs for different historical time periods and for the full study area over the entire recording period. The recording period is defined here as the number of years between the first and last tree-ring reconstructed fire within the full study area.
Continuous Ojibwe occupation in the Lac La Croix region since at least 1736 up to the present, the presence of other indigenous groups (Cree and Assiniboine) in the region prior to 1736, and the near complete absence of logging and Euro-American settlement on Lac La Croix prior to wilderness designation in 1964 makes the creation of pre-suppression land use periods somewhat arbitrary. For this reason, we simply divided the reconstruction prior to 1900 into three consistent, 100-year periods and defined them as the (1) Fading Record Period (1600-1699), (2) Early Pre-suppression Period (1700-1799), and (3) Late Pre-suppression Period (1800-1899). We designated the last ~100-year period from 1910 to present (2009) as the Fire Suppression Period due to the formation of the Superior National Forest in 1909 and increased effectiveness in fire suppression activities from 1910 onward. These time periods are roughly analogous to the time periods used by Heinselman (1973) . Fire suppression on the Superior National Forest was not completely effective by 1910. However, the U.S. Forest Service, the Minnesota State Forest Service, and logging companies were heavily vested in locating and extinguishing fires as quickly as possible in the Border Lakes region with reasonable and growing success from 1910 onward. Fire suppression resources by 1920 included six lookout towers, 160 miles of telephone line for rapid communications, and a minimum of 15 forest guards observing from towers and patrolling by canoe from May to November (Schreck 1920) . Fire interval distributions during the discrete time periods were tested for differences using a two-sample Kolmogorov-Smirnov test of interval distributions. Both the Fading Record Period and the Fire Suppression Period were omitted from the analysis of time periods due to a low number of recording samples and few fire events recorded over these periods of the reconstruction.
We evaluated the relationship between fire occurrence and regional drought using superposed epoch analysis (SEA) over a five-year window containing each reconstructed fire year, the three preceding years, and one year after fire events. We conducted the SEA for both fire years recorded at multiple sites, local fires (only one site), and all reconstructed fire years. A tree-ring reconstruction of summer (June-August) Palmer Drought Severity Index (PDSI; Palmer 1965) was obtained from the North American Drought Atlas (Cook et al. 2004) for the grid point nearest Lac La Croix (grid point 197). First-order temporal autocorrelation was removed from the PDSI record prior to conducting SEA to emphasize inter-annual relationships and reduce the influence of autocorrelation on the SEA results (e.g., Heyerdahl et al. 2008) . Autocorrelation was removed by adjusting the PDSI time series by multiplying the lagged series by the autocorrelation weight and subtracting the resulting time series from the original PDSI data. Average deviations from adjusted PDSI for each year of the five-year window around fire events were calculated and compared to 95% bootstrap confidence intervals determined using a randomized Monte Carlo simulation of 1000 iterations. Fireclimate relationships were only examined after 1650 due to sample depth limitations in both the PDSI and fire history reconstructions.
To ascertain the relative difference of ignition frequency prior to the 20th century (deduced from the fire history) compared with the present we obtained fire atlas data from the Superior National Forest for the Fire Suppression Period including fire year, location, cause, and size to supplement the 20th century portion of the tree-ring-based fire reconstruction. Considering the importance placed on fire suppression since the establishment of the Superior National Forest in 1909, we treated the fire atlas record as a reasonable proxy of fire occurrence within the study area over the last 80 years. However, there is the possibility of missing fire events in the fire atlas data prior to the first recorded fire year in 1929.
resuLts
Fire history reconstruction
We visited and searched all 28 islands within the study area for evidence of past fires. We collected fire-scar samples on 13 islands. About half of the 15 unsampled islands had living or standing dead trees that exhibited fire scars but were not sampled due to wilderness sampling restrictions. Observable fire scars on these living and standing dead red pine ranged from one scar to more than ten. The remaining islands had no fire-scar evidence of past fire events due to either the loss of fire-scarred trees to more recent fires or the exclusion of fire from the site over the last three centuries.
Our targeted approach to pedestrian survey and sampling yielded an overwhelming majority of our datable cross-sections. We systematically visited and searched a total of twenty-three grid points for fire-scarred material. Only four of the 23 grid points we visited contained firescarred trees. All four of these grid points were located on shorelines of the study area unit and would have eventually received targeted pedestrian survey. Grid points at interior locations were typically dominated by aspen and birch and had no living or dead fire-scarred pine.
We collected fire-scar samples from 77 stumps and dead trees across the study area (Fig. 2) . We were able to cross-date 71 of the samples (92%), with 255 individual fire scars representing 79 fire years (Fig. 3) . Six samples remained undated due to low ring-width variability, heavy ring distortion caused by fire damage, and/or insufficient chronological overlap between the master chronology and the undated remnant wood. The fire dates spanned 297 years, with the earliest recorded fire in 1636 and the last in 1933 (Figs. 3 and 4) . Nineteen of the reconstructed fires burned at least two disjoint sites. Three of these 19 multi-site fires (1682, 1739, and 1752) burned three to five sites (Fig. 4) . Despite 19 multi-site fires, fire chart and map visualization of the area's reconstruction suggests fires have been predominately asynchronous and patchy throughout the most of the fire reconstruction (Figs. 2 and 4) .
Mean fire interval calculated using fire intervals from individual trees (point-scale MFI) was ~34 yr (median = 22 yr) based on 184 intervals from 71 crossdated samples. MFI based from site composites was 24 yr (median = 17 yr) developed from 89 fire-free intervals at the 16 sample sites. MFI for the entire study area was 3.8 yr (median = 2 yr) based on 78 intervals. Individual site MFIs ranged from 14.2 to 107 yr over their respective recording periods (Fig. 5, Table 1A ). The fire return intervals for the full study area during the Early (1700-1799) and Late Pre-Suppression Periods (1800-1899) are 3.5 and 2.9 yr with 33 and 30 fires, respectively, recorded for each period (Table 1B) . No significant difference was identified when interval distributions were compared between time periods (Kolmogorov-Smirnov test, P > 0.05).
Fire-climate relationships
We identified no significant association (P > 0.05) between summer drought (June-August), as represented by tree-ring reconstructed PDSI, and the occurrence of fire within this fire history dataset, or in the three years preceding the fire year (Fig. 6A) . The summer moisture and fire relationship remains consistent when conducting SEA with just 19 multi-site fire years, 58 local (single-site) fire years, or all 77 fire years since 1650 (Fig. 6A) . It is clear that multi-site fires can occur under Table 1 and Figs. 2 and 3 for site information). Fire events recorded in the fire-scar record for a single site are represented by a gray triangle, while multi-site fires are indicated by black triangles. Lightning fire events only from the Superior National Forest fire atlas are indicated by white triangles. Fires recorded within the study area by Heinselman (1973) are shown as a separate site for comparison, with gray triangles indicating fire years identified by Heinselman that did not occur in our record and black triangle indicating fire events recorded in both records. A composite of the years when multiple sites recorded a fire event is depicted along the bottom of the figure. varying drought conditions and that dry conditions are at least partly responsible for some spatial and temporal synchrony (Fig. 6B) . When considered individually, 10 of the 19 multi-site fires occurred during drier-thanaverage conditions, while the remaining nine fires occurred during years of above average summer moisture conditions (Fig. 6B) . Tree-ring reconstructed, summer PDSI values (unadjusted for autocorrelation) for the 19 multi-site fire years ranged from −2.5 (moderate-severely dry) in 1682 to +1.6 (mild-moderately wet) in 1901 with a mean of −0.4. The three largest fires within the fire reconstruction, as determined by the number of recording sites, are 1682, 1739, and 1752 with PDSI of −2.5, −1.4, and +0.2, respectively. Inspection of fire atlas data indicated 20 fires were identified between 1929 and 2012 or a mean fire interval of 3.5 yr. Fires ranged in size from <0.10 ha to 7.7 ha and most were suppressed. In some instances, modern fires were human-caused and were located nearby campsites (Table 2) . Of the 20 fires recorded in the study area, 13 were ascribed to lightning, but only two lightning fire ignitions occurred on islands.
dIscussIon
Spatial and temporal characteristics of the fire regime
Broadly, standard fire regime descriptors determined for Lac La Croix, such as mean fire interval, are similar to those identified in other red pine fire history studies at both stand and landscape scales (e.g., Frissell 1973 , Heinselman 1973 , Clark 1990 , Bergeron 1991 , Loope and Anderton 1998 , Drobyshev et al. 2008 ). For example, in Itasca State Park (≈270 km southwest), pre-suppression mean fire intervals in red pine stands were reported as 22 yr (Frissell 1973 ) and 26 yr (Clark 1990 ), while select red pine stands along the southern shores of Lake Superior were reported to be 19 yr (Loope and Anderton 1998) . Fire return intervals of 25-35 yr were observed for red pine stands in the Seney National Wildlife Refuge in Michigan's Upper Peninsula (Drobyshev et al. 2008) . At the study area scale, mean fire return intervals observed on eastern Lac La Croix are somewhat shorter than those reported for similar forest types elsewhere in the Great Lakes region. For example, the 3.8 yr MFI identified here is shorter than the 8.8 yr reported by Frissell (1973) for Itasca State Park as a whole, yet Heinselman (1973) reported the interval between fires within the BWCAW to be 3.5 yr between 1727-1910.
Fire regime statistics are difficult to compare between study areas since the size of the area investigated often differs substantially from study to study. As study area size increases, more fires are identified in the record, thereby reducing MFI when considered at larger spatial scales (Kipfmueller and Baker 2000) . In Lac La Croix, the study area wide MFI is generally shorter than those reported elsewhere in spite of the relatively small area examined. For example, Heinselman's estimate of MFI for the BWCAW as a whole identified above (at more than 440 000 ha) is comparable to our MFI despite the fact that our study region represents <0.5% of the BWCAW. In Itasca State Park, MFI is longer and differs significantly from Lac La Croix, despite that Frissel's Itasca State Park study encompassed 13 229 ha, over six times the size of our study area (two-sample KolmogorovSmirnov test, P < 0.05). Identifying why MFI is short relative to study area size and in comparison with other red pine fire histories is important and extremely challenging.
Comparisons between fire occurrence during the 20th century collated from USFS records and fire atlas data alongside our fire history reconstruction presents a stark contrast. Only 20 fires occurred from 1929 to 2012 within the Lac La Croix study area (Table 2) . Of those, 35% were caused by human ignition and most remained small, usually burning less than 0.8 ha, and none occurred on more than one island, likely the result of effective fire suppression practices and public education in place for much of the century. Our reconstruction indicates fire frequency between 1636 and 1909 is approximately 0.27 fires/yr, likely a conservative estimate given the fading record of fire history prior to about 1700. Fire frequency from 1929 to 2012 based on fire atlas information is about 0.24, a figure that includes both human-and lightning-ignited fires. If only lightning fires during the modern period are considered, fire frequency is only 0.16. It seems unlikely that lightning alone could be responsible for the observed fire frequency in Lac La Croix prior to about 1900. The potential role of fires of anthropogenic origin in Lac La Croix cannot be overlooked (see discussion below: Potential influences of indigenous fire use in the Quetico-Superior).
Based on Superior National Forest fire atlas data for the study area, the relatively high fire frequencies recorded on islands and some mainland sites during the 1700s and 1800s are difficult to explain by modern rates of lightning-ignition alone. As would be expected, reconstructed stand-scale MFIs for the three mainland sites in the study area are somewhat shorter than many of the island MFIs due to a larger sample area and a greater chance of fire spread from outside the study area (Table 1A) . However, several islands within the study area, namely SWR, DSP, and PIT have MFIs similar to the mainland units. This is contrary to what would be expected given the smaller size and isolation of these forests (Heinselman 1996 :72, Arabas et al. 2006 . Only two of the thirteen lightning-ignited fires located and suppressed by the Superior National Forest from 1929 to 2012 occurred on islands. Because the islands within the study area have wide, natural fire-breaks that serve to limit fire spread (i.e., open water), the decline in island fires in the 20th century cannot be attributed solely to a lower occurrence of fire spread from mainland to island areas. A decline in localized, island ignitions is at least partially responsible. For example, fifteen fire events were recorded on Shower Island (SWR) between 1682 and 1933 with a MFI of 17.9 yr, followed by a fire-free interval of 79 yr from 1934 to 2012. The same conclusions may be drawn for several other islands within the study area including Disappointment, Pit, and Penny Islands with pre-suppression MFIs of 21.7, 16.6, and 40.2 yr, respectively, over their site-specific recording periods.
High lake-island fire frequencies in the boreal forest of Quebec have been explained by the combination of biotic and abiotic factors affecting island fire environments. Bergeron (1991) attributed high fire ignition rates on the islands of Lake Duparquet, Quebec to island size, elevation, and isolation increasing the probability of lightning strikes and subsequent ignition of receptive fuels in dry woodlands. Drobyshev et al. (2010) further explained the phenomenon of high island ignition rates on Lake Duparquet with variations in local fire weather and higher probabilities of lightning strike occurrence on islands. Both studies discount humans as a potential ignition source, presumably due to the absence of cultural features that would support an argument for human agency, although data-rich archaeological reports do exist for the Lake Duparquet area (e.g., Guindon 2009 ). In contrast, Niklasson et al. (2010) suggested island fire frequency shifts in a lake environment in southeast Sweden had been caused by changes in human land use where, prior to Sweden's fire suppression era (ca. 1860), islands had higher fire frequencies relative to mainland sites due to the cultural practice of pasture maintenance by human-set fires. While it is possible island microclimate conditions create forest isolates more receptive to sustaining lightning ignitions, given the cultural context of Lac La Croix, it is more reasonable to consider Ojibwe use of the study area prior to the Fire Suppression Era (beginning ca. 1910) as a likely explanation for some of the islands observed high fire frequencies between 1633 and 1933. If island micro-climates increase the potential occurrence of lightning-ignited fires through drier sites with available fine fuels (e.g., Drobyshev et al. 2010 ), then they also increase the chances of purposeful and accidental human ignitions, when humans are present.
Fire-climate relationships on Eastern Lac La Croix
Lightning-dominated fire regimes in boreal forests are characterized by a modest number of drought and windenhanced fires burning large areas (Johnson 1992) . These fires occur in the summer months (predominately JuneAugust and less frequently in May and September) when convective thunderstorms and lightning coincide with extended periods of moisture deficiency and dry fuels (Latham and Williams 2001) . Summer fires over the past 100 yr in the Quetico-Superior required longer periods of dryness and more severe fire weather with large summer fires only occurring during periods of notable drought, such as the major fires of 1929, 1936, and 1948 in the eastern BWCAW (Wolff 1958) . On the other hand, spring and late autumn fires are much less dependent on long-term drought than summer fires and can ignite and spread in abundant fine fuels prior to green-up in the spring and after leaf-off in the autumn after only several days of drying (Heinselman 1996) . In the early and late parts of the fire season, from late April to early June and from late September to October, the likelihood of lightning-caused fires is low with modern fire occurrence during these periods usually attributable to human activities (Mitchell and Conzet 1927) . The weak association we observed between tree-ring reconstructed summer drought, expressed as PDSI, and fire events suggests that fire activity in our study area may not be representative of lightning-caused summer fires associated with prolonged drought. It is also possible that fire records developed from a concentrated network of fire-scarred samples, such as developed here, may be less efficient at detecting regional-scale, climate-driven fire events. It is possible that the occurrence of frequent surface fires within a localized area may be less dependent on drought than severe stand-replacing fire events detectable at the regional level. Some fire history researchers have suggested smaller, lower intensity fires would be one of the products of intentional human fire use in boreal ecosystems (e.g., Granstrom and Niklasson 2008) . Expansion of the Quetico-Superior's fire scar network may help elucidate the effects of study area size and concentrated sample collection on the detection of widespread fire events with strong climatic associations.
The difference between fire activity in the earlier portion of the record to the 20th century, illustrated by the dramatic reduction in fire, is not likely the result of different climatic regimes from one time period to another. We assume that the climatic conditions controlling fire are similar throughout our record and that the reduction in fire over time is due largely to human activity. The majority of our record with relatively high fire activity occurs near the end of the Little Ice Age where conditions were somewhat cooler. This might suggest fewer fires would be expected, although complex interactions with vegetation could confound this pattern (e.g., Clark 1990). However, St. George et al. (2009) report that summer drought patterns in this region are similar in the 18th and 19th centuries when compared to the 20th century. Coupled with effective fire suppression and fewer fire ignitions as evidenced from the fire atlas data, the higher observed fire frequencies prior to the 20th century suggest a non-climatic mechanism to explain pre-suppression fire activity.
Potential influences of indigenous fire use in the Quetico-Superior
There has been a great deal of debate over the last 60 years within the historical ecology community over the level of influence indigenous groups have had on historic fire regimes of North America. Some researchers have argued traditional aboriginal fire use was ubiquitous across the North American landscape (e.g., Day 1953 , Denevan 1992 , Kay 2007 . Others have concluded that highly localized, traditional fire use had little ecological significance across large portions of the continent (e.g., Russell 1983 , Vale 2002 . The availability of ethnographic research and historical data on traditional fire use varies dramatically from region to region, making the assessment of human use of fire challenging and sitespecific. In the Quetico-Superior, ethnographic data on traditional fire use is sparse and historical data is primarily anecdotal. However, the dearth of information on historical fire use may be as much an indication of its absence as its ubiquity in that fire use may have been so commonplace that it did not merit documentation in early ethnographic studies.
The cultural anthropologist Henry T. Lewis produced a notable body of work on indigenous fire use throughout his career (e.g., Bean 1973, Lewis and Ferguson 1988) . In the mid-1970s, Lewis conducted ethnographic research on the traditional burning practices of Cree Indians in northern Alberta's boreal forest. Lewis (1977) documented traditional fire knowledge and burning practices from 37 Indian informants who had knowledge of traditional burning practices in use until the 1940s. Lewis's research was unique for its time in its documentation of historical Indian fire use in a boreal forest system with fire regimes characterized by large, highseverity forest fires. Lewis found that the Cree's motive for fire use was not to mimic lightning-caused fires, but to alter the vegetation mosaic in such a way that it reduced the negative impacts of catastrophic, lightningcaused fires upon their traditional subsistence strategies. Lewis's ethnographic research makes it clear that northern hunter-gatherer cultures were highly capable of using fire to assure the predictable abundance of favored vegetation types in areas of frequent use. This possibility has important implications for the likelihood of pre-suppression fire use by other historical, northern hunter-gatherer cultures, like the Boundary Waters Ojibwe.
More recent ethnographic research related to traditional fire knowledge has been conducted in northwest Ontario with Ojibwe informants from the Iskatweizaagegan No. 39 First Nation at Shoal Lake (Berkes and Davidson-Hunt 2006) and the Pikangikum First Nation on the Berens River . This research complements Lewis' fire ethnographies in northern Alberta and illustrates the essential similarities in traditional fire use between Cree and Ojibwe cultural groups living hundreds of miles apart. Because both of the Indian communities are located in northwest Ontario and the research has been carried out with Ojibwe informants, it is particularly useful for making inferences on historical Ojibwe fire use within the Quetico-Superior region. Berkes and Davidson-Hunt (2006) interviewed Shoal Lake elders and found that fire was historically used to maintain early stages of plant succession at particular places on the landscape, clear brush from campsites and promontories, thin the understory in oak forests, and create or maintain blueberry patches. ethno-ecological research with Pikangikum elders yielded striking similarities to the Shoal Lake Ojibwe's traditional fire use practices with one exception. The Ojibwe of the Pikangikum Lake area used controlled burns in the spring and autumn to maintain campsites, stimulate new plant growth in marshes, clear gardens, and maintain trails and portages, yet of the 30 interviewed elders, only one mentioned the use of controlled burns to maintain berry patches. The similarities and potential differences among geographically disparate but culturally similar Ojibwe communities suggests that while regional landscape ecology can provide universal incentives for intentional burning, local traditional knowledge and community history may significantly affect actual fire use practices from one region to another.
Implications for 21st-century wilderness fire management
In the early 1990s, Heinselman wrote "no management action is more urgent than restoring natural fire regimes" to the forests of the Boundary Waters region (1996:258). Twenty years later, the same conclusion can be drawn from this fire history study, but perhaps for different reasons. Past and present forest fire research illustrates that, relative to the Pre-Suppression period, there has been a dramatic decline in fire occurrence within the BWCAW over the 20th century that has serious implications for the sustained protection and renewal of the region's limited old-growth pine forests. Heinselman's fire history research, while spatially extensive, for practical reasons emphasized the significance of large-scale, stand-replacing fires on the forest mosaic of the Boundary Waters region. Developing a network of sites that captured the fine-scale patterns of surface fires across a large area the size of the BWCAW would have massively expanded and prolonged what was already an impressive seven-year undertaking. In the early 1990s, roughly 80 years of fire suppression and exclusion had effectively limited the spread of lightning-ignited fires within and into the BWCAW, decreasing landscape heterogeneity, increasing combustible fuels, and reducing establishment opportunities for red pine. Our fire reconstruction on eastern Lac La Croix illustrates a significant decline in fire occurrence in the area since the 1930s that cannot be attributed solely to effective wildland fire suppression, regional forest fragmentation and subsequent fire exclusion, or reduced lightning occurrence. The removal of the region's traditional inhabitants, the Boundary Waters Ojibwe, from much of their historical territory and a subsequent decrease in their traditional subsistence practices in the early 20th century may have contributed to an ecologically significant decline in fire occurrence, as made evident by a roughly sevenfold decrease in fire occurrence on eastern Lac La Croix, from the Late PreSuppression Period's twenty-one tree-ring reconstructed fires to the Fire Suppression Period's two suppressed lightning fires. Although trappers and explores travelling through the region might also be responsible for high Pre-Suppression Era fire activity, historical accounts are limited with respect to French, British, or American fire use in the region. In cases where Euro-American fire use occurred, it likely mimicked indigenous approaches to broadcast burning (e.g., Fritz et al. 1993:486) . Regardless of whether Ojibwe or others are responsible for augmenting the historical fire regime, it remains that lightning alone is not likely responsible for the high fire frequencies observed prior to the 20th century in this region.
Large, stand-replacing fires are an important component of the historical disturbance regimes of the Quetico-Superior, but increased prescribed and wildland fire use across the landscape could be useful in maintaining and protecting portions of old-growth forest from unplanned, wide-spread, high-severity fires. Because the region's old-growth pine forests are ecologically rare (Frelich 1995) and have high scientific and social value, these heritage forest types should be given priority when triaging current and future best management actions within the BWCAW. Island stands of primary-growth red pine that were historically maintained by frequent surface fires could be the first targets for new wilderness prescribed fire activities, as many of these sites have ecologically and aesthetically valuable timber with natural fire breaks already in place. Reintroduction of moderate severity surface fires at frequencies similar to our historical fire reconstruction will help ensure the continued presence of some heritage old-growth pine across the Quetico-Superior landscape that are resilient to fire occurrence (e.g., Weyenberg and Pavlovic 2014) .
Anthropogenic global climate change is a real and imminent threat to diverse social and ecological resources worldwide (IPCC 2014) . Increases in greenhouse gas emissions from human activities are anticipated to cause unprecedented shifts in global temperature, precipitation, and seasonality with associated changes in wildfire occurrence (Westerling et al. 2006, Frelich and Reich 2010) . In the Quetico-Superior region, models suggest average summer temperature will increase by 3°C and summer precipitation will subtly decrease up to 4% by 2069 (Galatowitsch et al. 2009 ). Temperature is an important driver of wildfire occurrence in the boreal forest by increasing evapotranspiration rates and decreasing fuel moisture (Flannigan et al. 2009 ). Warming may also lengthen the fire season (Westerling et al. 2006) , increase lightning activity and ignitions (Price and Rind 1994) , and the frequency of extended periods of highpressure (low precipitation) contributing to large-scale fire events (Lupo et al. 1997) . The large and severe fires that have burned within the BWCAW in the last decade, including the Pagami Creek, Ham Lake, and Cavity Lake fires that together consumed over 79 700 ha may have been exacerbated by recent climatic shifts. This spike in area burned over the last several years corresponds with the findings of Gillet et al. (2004) who attributed an increase in Canada's area burned over the last four decades to recent human-induced climate shifts. More frequent, high-severity fires have the potential to reduce red pine abundance across the Quetico-Superior landscape (Flannigan 1993) and replace pure and mixed pine forests with more southerly vegetation types such as oak savanna (Frelich and Reich 2010) . Coupling these anticipated changes in fire occurrence with shifts in forest structure and fuel loads caused by decades of fire suppression and exclusion puts the diminishing primarygrowth forests of the Quetico-Superior at high risk of being lost to future widespread and severe fire events during periods of high fire weather.
As warming continues, the development of appropriate climate change adaption strategies and the mitigation of the undesirable effects of warming may be the greatest challenge for natural area managers this century (Cole and Yung 2010) . Fire management policies and practices in the Quetico-Superior region, particularly within wilderness areas, will need to be adjusted to respond to anticipated changes in fire occurrence and fire behavior caused by global climate change. In the coming years, proto-historic fire data produced from studies such as this tree-ring-based fire history will be useful in developing adaptive strategies for increasing ecological integrity and resilience of focus areas within the region (Higgs et al. 2014) .
If humans, namely the Boundary Waters Ojibwe, augmented pre-suppression fire frequencies in high-use areas of the Quetico-Superior, prescribed wilderness fire in these particular places is a management action that would help restore and maintain the region's historic fidelity and ecological integrity. If indigenous groups were active participants in augmenting pre-modern fire frequencies, passive fire management activities may be insufficient to preserve the present character of many portions of the present day Quetico-Superior. For example, lightningignited fires alone could be too infrequent or severe to restore or maintain the landscape configurations representative of a functioning ecosystem, based on the region's historical range of variability (e.g., Callicott et al. 1999 , Landres et al. 1999 . If the preferred condition of the protected primary-growth forests of the Quetico-Superior region includes, at some level, the manipulation of presuppression fire regimes through early indigenous land use (e.g., fire frequency, seasonality, and intensity) and subsequent vegetation compositions, patterns, and structure, this may require more active fire management programs that emulate the cultural propagation of fire to meet management objectives.
Relatively frequent island fires compared to the modern fire record, limited fire-climate relationships, high spatiotemporal variability, and well-documented human use of Lac La Croix and the broader canoe routes of the Quetico-Superior, together, are suggestive of fire regime augmentation due to purposeful and/or accidental fire ignition by the Boundary Waters Ojibwe, and possibly through episodic thru-traffic from EuroAmerican canoe parties. The frequency of fire occurrence throughout the 1700s and 1800s, despite fluctuating Euro-American use, suggests that a continuity of Ojibwe presence would likely be the most consistent source of human ignitions throughout the Pre-Suppression Eras. Similar complexity in pre-suppression fire records may be detectable on other historically high-use lakes in the Quetico-Superior region and should be explored using interdisciplinary techniques (e.g., Munoz et al. 2014 ) to best inform future fire management decisions. Heinselman's research (Heinselman 1973 (Heinselman , 1996 does not capture the spatial and temporal complexity of surface fire occurrence in the red pine dominated forest types of the BWCAW (Fig. 4) , although it is widely used as a guide for historic fire conditions within northern forests (e.g., Baker 1989 , Scheller et al. 2005 . Some urgency exists in collecting this tree ring-based ecological information as remnant red pine are lost to fire and decay each year. Calibration studies of red pine fire scar formation and red pine phenology will aid in the development and interpretation of future, tree-ring based fire reconstructions. Merging future fire reconstructions with ethno-historical data developed in partnership with local Ojibwe communities (e.g., ) may be useful in elucidating the details of traditional fire use practices and the extent of their ecological impacts within the Quetico-Superior.
concLusIon
Our multi-century fire history sought to address a knowledge gap regarding the relative role of human and lightning ignitions in their contribution to pre-suppression fire regimes within the Quetico-Superior region. A dense network of 71 fire-scarred samples across a naturally fragmented lake-island environment yielded an absolutely dated fire reconstruction that extends to 1636. The reconstruction reveals that surface fires occurred more frequently than would be expected in island settings if only lightning ignitions are considered. Seventy-nine fires were detected between 1590 and 2010 with the first recorded fire in 1636 and the last in 1933. Sixty-one of the fires were recorded at single sites with the remaining nineteen fire years documented at two to five separate sites. In the same area, from 1929 to 2012, only thirteen lightning-ignited fires were detected and suppressed by the Superior National Forest. Only two of these fires occurred on islands compared to the 53 tree-ring reconstructed fires detected over the 297-year recording period. When comparing the conservative, tree-ring reconstructed estimate of historic fire occurrence and the nearly 100% complete modern lightning-caused fire record (from 1929 to 2012), there is a noticeable change in the distribution and frequency of fires within the study area. Further, the frequency of surface fire occurrence in this landscape is greater than what is suggested by Heinselman's (1973 Heinselman's ( , 1996 research on stand-replacing fires in the BWCAW.
Given the cultural history of Lac La Croix, and other international Border Lakes in the Quetico-Superior region, it can be reasonably inferred that high PreSuppression Era fire frequencies observed on eastern Lac La Croix are at least partially attributable to a human influence on local fire ignition rates. Fire patchiness, short fire return intervals in island settings, and a relatively weak association between fire and summer drought all support a human augmentation of historical fire occurrence rates within the study area.
The BWCAW has long been a testing ground for new and innovative approaches to wilderness management (Helland 2004) . With this in mind, wilderness administrators, fire managers, and interdisciplinary research groups ought to redouble efforts to more thoroughly explore the fire history of the Quetico-Superior region and open discussions on the efficacy of more active fire management within priority forest areas of the BWCAW, particularly the primary-growth forests of historically high-use lakes like Lac La Croix. In an era of unprecedented changes to ecosystems, knowledge of historical human influence over past fire regimes will be of great value in making wilderness fire management decisions (e.g. Swetnam et al. 1999) . With the proper information, decisions can be ecologically and ethically sound, honoring the 1964 Wilderness Act's intent to preserve "wilderness character" (16 U.S.C.:1131-1136), while evolving along with modern society's perceptions of what wilderness should be. 
